Abstract: Rocinha (Rio de Janeiro, Brazil) is the largest favela in South America. It is located on a steep mountain slope in the Tijuca National Park with a population of over 160,000 living in poor environmental, health and hygiene conditions. The geomorphological and urban setting of Rocinha makes it vulnerable to natural hazards, with the greatest risk posed by flooding or landslides, compromising the precarious balance between ecosystem services (ES) provision and human well-being. The paper aims to assess and map ES provision in a context where available data to identify areas vulnerable to natural risks is limited. The ES analyses were adapted to the specific socio-economic and environmental context of favelas, which are characterised by dense, continuously built-up environment and a high proportion of impervious surfaces, leading to deteriorating environmental, health and hygiene conditions over time. The ES-based approach was pivotal for setting out strategies-including nature-based solutions (NBS)-to mitigate disaster risk and increase local resilience. These strategies were selected taking into account the context of Rocinha and feasibility. The research shows that ES assessment can be the starting point for projects based on NBS with a view to increasing resilience even in environmentally critical contexts.
Introduction
Floods and landslides now pose the most frequent risk of damage to urban communities and natural environments. To mitigate against the destructive force of natural disasters and reduce the vulnerability of local populations, environmental management strategies such as nature-based solutions (NBS) are increasingly applied for mitigation and prevention [1] .
The overexploitation of natural resources in a context like Rocinha (the largest favela in South America with a population of over 160,000 living in just 0.8 square kilometres of steep, rugged terrain) increases the pressure on the ecosystem and, consequently, aggravates disaster risk because the protective functions of the ecosystem against natural hazards fail as they deteriorate or are destroyed [1] .
The result of rapid urbanisation and expansion, Rocinha is slowly creeping up the surrounding hillsides and destroying forests, which increasingly exposes it to natural hazards such as floods and landslides.
Geodynamic, hydro-meteorological and climate events mean that the risk from extreme water events is increasing, as is the number of people affected by them. As Assis Dias et al. note, between 1991 and 2010, Brazil recorded almost 39,000 natural disasters caused by droughts, floods, windstorms, Rocinha is the largest favela in South America, with a population of over 160,000 [21] . It lies in a steep, rugged landscape of just 0.8 square kilometres. Its dense, continuous built-up environment and high proportion of impervious surfaces is the result of rapid, unplanned development [21] , leading to deteriorating environmental, health and hygiene conditions over time.
As Arcidiacono et al. note, the social and physical conditions of Rocinha resemble those of a formal city [21] . However, it is beset by a large number of critical, complex ecological and environmental issues. These include a patchy, incomplete sewage system (the absence of purification plants means that the water supply is often polluted) and high-density, unsafe buildings the construction of which has neglected any considerations of density, light, aeration or any of the principles associated with twentieth-century urban planning. Environmental degradation has compromised the provision of urban ecosystem services, radically modifying the ecological equilibrium of Rocinha and the Rio de Janeiro region. The area is impacted by deteriorating ecological conditions caused by the loss of natural green spaces, alteration of the water cycle with patchy or absent purification, soil erosion and the urban heat island effect [21] .
Rocinha is located on a steep mountain slope in the Tijuca National Park [22] and occupies less than a square mile of land. Its geomorphological situation has influenced its urban development: lack of space for expansion has altered construction patterns, leading houses to be built on top of one another and making the provision of green space between blocks problematic ( Figure 1 ). ES provision for Rocinha is influenced by and dependent on the surrounding area: to the north lies a very steep hill of woods and shrubs with a high habitat quality overlooking the city of Rio de Janeiro, while to the south lies the nearby coastal zone, whose beaches, ocean and estuaries provide several ecosystem services.
The result of rapid urbanisation and expansion, Rocinha is slowly creeping up the surrounding hills and destroying forests, which increasingly exposes it to natural hazards such floods and landslides. Geodynamic, hydro-meteorological and climate events mean that the risk from extreme water events is increasing, as is the number of people affected by them. As Assis Dias et al. note, between 1991 and 2010, Brazil recorded almost 39,000 natural disasters caused by droughts, floods, windstorms, landslides, tornados, hail, and frost [2] . These disasters destroyed many buildings, causing displacements and deaths [3] . Major flood events occurred in 2001 with the worst natural disaster in the mountainous region and in 2010 when landslides struck a Rio de Janeiro shantytown after a heavy rainstorm, causing more than 40 fatalities [1, 4] . As previously mentioned, dealing with resilience requires an understanding of the conditions/status, trends and complex dynamics of ES. An ES-based approach can strengthen the resilience of communities and their natural resources.
ES assessment was based on three different services: habitat quality, carbon sequestration and nutrient retention. The assessment of the first two services is not detailed in this paper. Instead, we focus on nutrient retention, and estimate the contribution of vegetation and soil to water purification in removing pollutants from run-off as one of the main regulating services. Besides the final output, the nutrient retention model delivered several key intermediate results that can help understand how the different data of the model interact with each other and how they affect the final output. One of these results provided by the model is a map of upstream processes which shows how flooding is influenced by morphological conditions and hydrological dynamics.
The assessment was conducted using InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) software, freely downloadable from the website of the Natural Capital Project and jointly developed by Stanford University, the University of Minnesota, the Nature Conservancy and the World Wildlife Fund (WWF). InVEST is an ES-based geographical, economic and ecological accounting tool for regional and urban planning in terms of restoring and conserving the soil's natural capacity to provide ecosystem services [23] .
The model assigns to each Land Use/Land Cover (LULC) class information on soil quality (e.g., pedogenetic characteristics by Land Capability Classification), vegetation characteristics (e.g., vegetation canopy) and additional climate data and geomorphological information.
The output of ES assessment is highly dependent on the inputs, such as spatial resolution and data quality, which depend on the individual ES. For example, different studies have highlighted how the Digital Elevation Model (DEM) affects the delivery of nutrients along hill slopes and, therefore, the output [24] .
Data collection for Rocinha was one of the most demanding stages of the research, as available data are generally not sufficiently detailed (being typically scaled for the metropolitan area of Rio de Janeiro), and direct acquisition is not recommended for safety reasons. The involvement of local civil society organisations (Il Sorriso dei miei Bimbi, an Italian social programme founded in 2002 to improve socio-educational conditions in Rocinha), research institutions (Universidade Federal do Rio de Janeiro) and state departments helped to fill gaps in our information. The remaining missing data were estimated or adapted from the scientific literature. The university provided important data for the creation of the DEM using the most appropriate web sources to derive the necessary input data (i.e., LULC, geomorphological and climate data). The Il Sorriso dei miei Bimbi programme helped The result of rapid urbanisation and expansion, Rocinha is slowly creeping up the surrounding hills and destroying forests, which increasingly exposes it to natural hazards such floods and landslides. Geodynamic, hydro-meteorological and climate events mean that the risk from extreme water events is increasing, as is the number of people affected by them. As Assis Dias et al. note, between 1991 and 2010, Brazil recorded almost 39,000 natural disasters caused by droughts, floods, windstorms, landslides, tornados, hail, and frost [2] . These disasters destroyed many buildings, causing displacements and deaths [3] . Major flood events occurred in 2001 with the worst natural disaster in the mountainous region and in 2010 when landslides struck a Rio de Janeiro shantytown after a heavy rainstorm, causing more than 40 fatalities [1, 4] .
As previously mentioned, dealing with resilience requires an understanding of the conditions/status, trends and complex dynamics of ES. An ES-based approach can strengthen the resilience of communities and their natural resources.
Data collection for Rocinha was one of the most demanding stages of the research, as available data are generally not sufficiently detailed (being typically scaled for the metropolitan area of Rio de Janeiro), and direct acquisition is not recommended for safety reasons. The involvement of local civil society organisations (Il Sorriso dei miei Bimbi, an Italian social programme founded in 2002 to improve socio-educational conditions in Rocinha), research institutions (Universidade Federal do Rio de Janeiro) and state departments helped to fill gaps in our information. The remaining missing data were estimated or adapted from the scientific literature. The university provided important data for the creation of the DEM using the most appropriate web sources to derive the necessary input data (i.e., LULC, geomorphological and climate data). The Il Sorriso dei miei Bimbi programme helped verify the data acquired from web sources (e.g., LULC, presence of green spaces, information on buildings).
As required by InVEST software, the nutrient retention model-in this case used to estimate the upstream process-requires various kinds of input data, which are listed below.
1.
A DEM specifically designed for this research, considering the isolines provided by Universidade Federal do Rio de Janeiro (only for the Rocinha area), the DEM developed by the United States Geological Survey (https://earthexplorer.usgs.gov/), and geological and geomorphological data provided by the Instituto Brasileiro de Geografia e Estatística (http://downloads.ibge.gov. br/downloads_geociencias.htm). Given the complexity of interpolation processing for DEM generation and a lack of detailed data, mapping did not extend to the entire metropolitan area of Rio de Janeiro but instead focused on Rocinha, while including the surrounding area with significant slopes and changes of elevation. DEM resolution was set at 5 × 5 m cells, within the range of between 4 and 10 m suggested by Salata et al. as the optimal resolution for model performance [24] . 2.
The depth of root-restricting layers to estimate the amount of soil that is amenable to root plants in view of their significant flood mitigation capacity. These data were derived from information on soil textures in the "Mapa de solos do estado do Rio de Janeiro" available on the EMBRAPA website of the Ministry of Agriculture, Livestock and Food Supply (https: //www.embrapa.br/) and data published by the Brazilian Institute of Geography and Statistics (https://www.ibge.gov.br/). Information on the root-restricting layer depth was also estimated using theoretical data [25, 26] . 3.
Data on average annual precipitation for each cell, collected from the Brazilian Institute of Geography and Statistics (available at https://www.ibge.gov.br/). 4.
Plant-available water content (PAWC) as an indicator of the ability of soil to retain water and make it sufficiently available for use by plants. It strongly affects the runoff process, given that plants typically respond to flooding by rooting [27] . As suggested by the InVEST User's Guide, PAWC was calculated using SPAW (Soil-Plant-Air-Water) software developed by the National Agricultural Library of the United States Department of Agriculture (Washington, DC, USA) in cooperation with the Washington State University (http://hydrolab.arsusda.gov/ SPAW/Index.htm). The SPAW model predicts the hydraulic performance of LULC considering a one-dimensional water budget based on daily time intervals [28] . The model is commonly used to simulate major components in the water budget such as runoff, infiltration or evapotranspiration. 5.
Average annual potential evapotranspiration as a fundamental component of the hydrologic budget including both soil and grass transpiration. As recommended by the InVEST User's Guide, evapotranspiration was determined with reference to scientific data [29] and subsequently compared with the Penman-Monteith method as described in Irrigation and Drainage Paper No. 56 published by the Food and Agriculture Organisation using data from the Climatic Research Unit [30] .
Sustainability 2019, 11, 4 6 of 13 6 . Land use/land cover (LULC). The capacity of an ecosystem to provide services is closely related to LULC quality and biophysical conditions [31] . LULC is a key measure for linking human and natural systems for environmental management [32, 33] and for spatial planning processes aimed at increasing sustainability. The LULC layer was created painstakingly, given the paucity of reliable, detailed data from different databases as defined by Arcidiacono et al. [21] ; 7.
Watersheds and sub-watersheds, cartographically identified in the "Mapa das Bacias e Sub-bacias Hidrográficas do Município do Rio de Janeiro-2004" (www.data.rio). 8.
Biophysical tables containing the nutrient loading and removal allocations (nitrogen and phosphorus) for each LULC class. Considering the lack of data for Rocinha area, nutrient data were derived according to the scientific documentation suggested by the InVEST User's Guide [29, 30, [34] [35] [36] (See Table A1 ). These data were also used to estimate nutrient retention.
Results
As stated previously, the model provides the upstream water yield maps as an intermediate output. The model expresses "the number of upstream pixels that must flow into a pixel before it is considered part of a stream" [37] . The quality of this output depends on the DEM as a raster layer in which each cell has a value corresponding to its elevation. The runoff does not consider whether if the water routes move via surface, subsurface or baseflows, it interacts with LULC and impervious surfaces. This intermediate output shows a key process that occurs when rain is not absorbed into the soil (for example when an impermeable surface reduces the area in which infiltration to groundwater can occur) and moves along gravitational lines flowing downhill in a runoff process. Water that has not been absorbed into the soil through the infiltration process is stored as groundwater and slowly discharged into streams through springs.
The upstream process must be considered in order to mitigate its potential negative consequences and existing critical situations, to stabilise soil (for example through planting or structural interventions), prevent disaster risk and increase resilience. Given Rocinha's geomorphological configuration, it is necessary to evaluate the stability of the terrain under various loading conditions (for example heavy rainfall) that could place buildings and residents at risk from landslides. The output of the model identifies areas subject to landslide risk where it is essential to implement a strategic recovery action and makes it possible to evaluate possible interventions to limit erosion, capture runoff to mitigate nutrient pollution and use available surface and subsurface water to create purification pools for urban gardening purposes. ES-based assessment gives technical robustness to environmental sustainability analyses designed to select actions that can be implemented in the favela. The intermediate output concerning nutrient retention is used to establish the resilience-oriented strategies of the project more practically.
Areas potentially affected by flooding and landslides as a result of heavy rainfall were identified using the intermediate output of the nutrient retention model concerning upstream water yield. Six "catchment areas" were determined based on the upstream water yield model as a basin-shaped area of land, bounded by natural features (hills or mountains) from which surface and subsurface water flow into streams, rivers and wetlands (Figure 2) .
The catchment areas were selected considering the intensity of upstream water phenomena in order to propose nature-based solutions capable of mitigating flood risk.
The amount of upstream water was estimated in order to consider the types of strategies to implement depending on the risk posed by water flows. The InVEST output model estimates upstream water (in millimetres) for each pixel of the raster file. Each pixel represents an area of 6.4 by 6.4 m or 40.96 m 2 . The raster file makes it possible to estimate the water stored in the area represented by each pixel, as explained in Figure 2b .
Assuming that 1 millilitre of water corresponds to 1 L/m 2 , the following formula was used: Upstream = Quantity of upstream water/area
Based on the estimates of water stored in each catchment area and vulnerability to disaster risk (Table 1) , two types of resilience-building actions were selected as feasible and concretely implementable given the local and socio-economic conditions of the favela: green mitigation measures and building replacement. The feasibility of these actions was also validated by the local knowledge of stakeholders previously involved in the data collection.
The amount of upstream water was estimated in order to consider the types of strategies to implement depending on the risk posed by water flows. The InVEST output model estimates upstream water (in millimetres) for each pixel of the raster file. Each pixel represents an area of 6.4 by 6.4 metres or 40.96 m 2 . The raster file makes it possible to estimate the water stored in the area represented by each pixel, as explained in Figure 2 Green mitigation measures are a nature-based solution that complement or offer an alternative to conventional engineering measures. They seek to exploit complex natural features and processes to achieve local resilience, improve well-being and foster socially inclusive green growth. Green mitigation focuses on existing partially or wholly impermeable built-up areas, for example through the installation of green roofs, cool roofs and water storage systems to limit the impact of severe storms, flooding and landslides and to mitigate the heat island effect. Specifically, potential green mitigation actions include:
• Green roofs. These are roofs covered with vegetation placed over waterproofing material with drainage and irrigation systems. They can provide a range of ecosystem services, hence contributing to human well-being. Green roofs can improve rainwater drainage, thereby mitigating erosion, and also help purify groundwater by acting as a filter. They are a source of biodiversity, offering habitats for wildlife such as butterflies, bees and worms, while acting as a "stepping stone" for birds. They also absorb ultraviolet rays and improve building insulation by cooling buildings during the summer, while during the rainy season the vegetation coverage absorbs water, taking the pressure off building drainage systems. Finally, green roofs help trap atmospheric pollutants by absorbing carbon dioxide and sulphur dioxide. The Green My Favela project (http://www.greenmyfavela.org/) was set up to reclaim degraded land and create more productive green spaces inside favelas and involved several favelas across Brazil, including Rocinha [38] .
This nature-based solution is applicable in all of the catchment areas to buildings over 7-8 floors (21-24 m) in height, which is considered to be the maximum possible in Rocinha considering building standards. The adoption of this NBS in other buildings is strongly discouraged as residents are in the habit of extending their houses by building new storeys, one on top of the other, and terraces at the top of buildings are considered private spaces in the absence of alternatives elsewhere. An analysis was conducted to identify buildings suitable for green roof coverage using remote data from Google Maps (street view) and inspections in loco. The results of this building analysis are shown in Figure 3 .
• Green permeable paving consists of pre-cast blocks made of concrete or hard plastic with voids created by styrene void formers. Such modular systems reduce sub-base depths, eliminate kerb edges, can withstand gross vehicle weights of over 40 tonnes and optimise drainage capacity, and have already been applied in different favelas (e.g., the Guarapiranga basin, Brazil) where impermeable surfaces (asphalt) have been replaced with concrete blocks. The blocks have also been used in rural areas to create paths in unpaved areas. Permeable paving is connected with the strategy of demolishing buildings.  Green permeable paving consists of pre-cast blocks made of concrete or hard plastic with voids created by styrene void formers. Such modular systems reduce sub-base depths, eliminate kerb edges, can withstand gross vehicle weights of over 40 tonnes and optimise drainage capacity, and have already been applied in different favelas (e.g., the Guarapiranga basin, Brazil) where impermeable surfaces (asphalt) have been replaced with concrete blocks. The blocks have also been used in rural areas to create paths in unpaved areas. Permeable paving is connected with the strategy of demolishing buildings. In favelas, most buildings are non-engineered and consist of simple structures made of brickfilled reinforced concrete, casting doubts on the solidity of their foundations and on their capacity to withstand hazards caused by intense rainfall and landslides [1] .
Specifically, if the strategy includes demolition, the original area must be desealed to create permeable green spaces (including permeable paving), with positive effects on the water cycle. If the strategy makes provision for new building or densification, then mitigation measures, such as green roofs, must be incorporated.
Building relocation frees up green space that can be used to host urban gardens and other kinds of urban agriculture, contributing to significant ecosystem services such as biodiversity conservation, In favelas, most buildings are non-engineered and consist of simple structures made of brick-filled reinforced concrete, casting doubts on the solidity of their foundations and on their capacity to withstand hazards caused by intense rainfall and landslides [1] .
Building relocation frees up green space that can be used to host urban gardens and other kinds of urban agriculture, contributing to significant ecosystem services such as biodiversity conservation, food production and aesthetic value. Urban gardens permit vegetables, medicinal plants, spices, mushrooms, fruit trees, ornamental plants, and other productive plants to be cultivated in order to Sustainability 2019, 11, 4 9 of 13 meet the needs of the local community. The use of different types of plant species also enhances the landscape and hence its aesthetic value.
Seven intervention areas were selected based on the upstream water output for the demolition of existing buildings and their relocation to a new area with a view to freeing up space for permeable surfaces (Figure 4) . A small number of buildings were selected in three areas of intervention according to the urgency and efficacy of the intervention and in conjunction with the local stakeholders involved in the research, which was essential for gaining the consensus of the local community and hence for the feasibility of the project ( Figure 5 ). Moreover, structural interventions could be combined with some of the measures outlined above, such as the development of urban gardens based on terracing systems to retain soil and counter flooding, or the construction of water tanks along runoff streams on hillslopes to store rainwater and on impervious surfaces such as roofs, thus reducing runoff directly into streams. The water collected in these tanks could also be used to flush toilets, wash clothes, water gardens and wash cars, significantly reducing the demand for drinking water.
Discussion
The upstream water yield output was verified according to previous events of moderate flooding occurred in the catchment area 1 and 3 demonstrating the accuracy of the model and data used. The collection of input data is one of the most complex aspects and the main limitation of the A small number of buildings were selected in three areas of intervention according to the urgency and efficacy of the intervention and in conjunction with the local stakeholders involved in the research, which was essential for gaining the consensus of the local community and hence for the feasibility of the project ( Figure 5 ). Moreover, structural interventions could be combined with some of the measures outlined above, such as the development of urban gardens based on terracing systems to retain soil and counter flooding, or the construction of water tanks along runoff streams on hillslopes to store rainwater and on impervious surfaces such as roofs, thus reducing runoff directly into streams. The water collected in these tanks could also be used to flush toilets, wash clothes, water gardens and wash cars, significantly reducing the demand for drinking water.
The upstream water yield output was verified according to previous events of moderate flooding occurred in the catchment area 1 and 3 demonstrating the accuracy of the model and data Moreover, structural interventions could be combined with some of the measures outlined above, such as the development of urban gardens based on terracing systems to retain soil and counter flooding, or the construction of water tanks along runoff streams on hillslopes to store rainwater and on impervious surfaces such as roofs, thus reducing runoff directly into streams. The water collected in these tanks could also be used to flush toilets, wash clothes, water gardens and wash cars, significantly reducing the demand for drinking water.
The upstream water yield output was verified according to previous events of moderate flooding occurred in the catchment area 1 and 3 demonstrating the accuracy of the model and data used. The collection of input data is one of the most complex aspects and the main limitation of the InVEST software, which requires a large amount of data, which are often inaccurate or not readily available, meaning that several simplified assumptions need to be made with a margin of uncertainty. While the methodology and nature-based solutions proposed are replicable and feasible in various contexts, the parameters and values used for ES mapping are site-specific and hence demand precise adaptation and data collection.
The research shows the overcoming of the lack of data providing, on the one hand, important sources for mapping and assessment water regulation in Brazil and, on the other hand, the first knowledge base for flooding risk control in Rocinha.
The output identifies some critical situations that require strong interventions for limiting possible disaster risks. Upstream water yield map establishes urban priorities, specifically with regard to green mitigation strategies and building replacement. While green mitigation measures are location-independent within the area (essentially depending on building characteristics in the case of our research), building relocation strategies can be deployed in locations where specific hydrogeological risks can be contained or prevented.
Although the flood resilient strategies described in this paper are limited in number and relatively simple, they offer extremely effective and practicable strategies for mitigating flood risk.
The analysis conducted is a potential starting point for a monitoring programme as part of an ongoing process to evaluate the success of an action and its effects. The monitoring programme could also be used to verify the state of and trends in ES provision using predictive modelling or scenario-building approaches. InVEST software allows scenarios based on LULC changes and the possible extent of such changes to be modelled.
Conclusions
The research shows that in informal contexts such as favelas, which are often at risk from natural disasters such as landslides or flooding, it is possible to adopt resilience strategies derived from ES mapping and assessment. The methodology outlined assumes ES mapping to be key to establishing appropriate actions to foster system resilience.
The nature-based solutions and building relocation strategies be combined with solutions already implemented in South America, for example in the Guarapiranga basin (Brazil), for the peri-urban areas of the favelas, where a public recreation space was created including an urban garden structured on different levels and heights with a system of circular streams to prevent outside interference and intrusion (http://www.temafavela.com.br/site/) [39] . Combining recreational ecosystem services with provisioning and regulating functions represents a first step in the development of local green infrastructure (GI), defined as "a strategically planned network of natural and semi-natural areas with other environmental features designed and managed to deliver a wide range of ecosystem services. It incorporates green spaces (or blue if aquatic ecosystems are concerned) and other physical features in terrestrial (including coastal) and marine areas. GI is a tool for providing ecological, economic and social benefits through natural solutions. It helps avoid relying on 'grey infrastructure' that is expensive to build when nature can provide cheaper, more durable alternatives" [40] . In the case of Rocinha, GI could be a framework for collective (and not only nature-based) actions to improve overall human well-being and quality of life in urban environments. It can involve a range of policy areas (such as climate action, disaster risk management, water policy, health policy, agricultural and forestry policy) and hence become a primary strategy for cross-sector policy, avoiding the over-separation of roles and competencies which often hinders concrete implementation of prevention strategies.
Moreover, nature-based solutions to socio-economic and environmental challenges are increasingly the focus of technical assessments, as they often provide cost-effective solutions. One possible future research scenario may involve physically designing GI based on an evaluation of the impact of the project in terms of ecosystem services from an environmental and socio-economic perspective and the costs of implementation.
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